Abstract. 2014 Recent advances in the mathematical description of the depth distribution of X-ray generation, ø(03C1z), have permitted the quantitative analysis of multilayer structures with a precision approaching ±1 nm. A weighted average mass absorption coefficient is proposed for use in analysis with L series radiation when the energy separation of the component lines is less than the spectrometer resolution. This is shown to improve agreement between experimental data and the theoretically calculated X-ray intensities. An example of the application of the Ø(03C1z) method to the analysis of a titanium-boron nitride bilayer is described with special reference to the problem of detection of interfacial diffusion and oxidation phenomena. Microsc. Microanal. Microstruct. 6 (1995) Classification Physics Abstracts
Introduction
The development of X-ray microanalysis procedures based on a mathematical formulation of the variation of the primary ionization with mass depth, 0(pz), has led to substantial improvements in analytical accuracy with respect to the previous ZAF methods. This is largely due to the fact that the underlying approximation.in the ZAF technique, absorption along a fixed path length related to the mean X-ray generation depth, is replaced by a more exact integration over the entire depth range. The validity of various 0(pz) models has been assessed with respect to an extensive experimental data base [1] [2] [3] , confirming that results are generally superior to those obtained by ZAF calculations, particularly for light element analysis.
Because of its close correspondence to physical reality, the 0(pz) approach can be conveniently adapted to the problem of quantitative mass thickness determination in thin films on substrates [4] [5] [6] . It is furthermore possible to extend this method to the analysis of unsupported layers [7] . The attainable depth resolution has been demonstrated to be, under favorable circumstances, comparable to that of Auger sputter profiling [8, 9] .
Reducing the accelerating voltage of the primary electron beam increases the sensitivity to surface segregation and thin oxide or contaminant layers. The detection limit is generally 0 .1 Ag cm-2 [3] . Internal where Rc is the mass depth at which the equations (1) and (2) are equivalent, Rm is the mass depth at which the function 0(pz) reaches its maximum and Rx is that at which it vanishes.
An alternative model (XPP) has been proposed by the same authors [3, 10] [13] where wl, W2 and W3 are the fluorescence yields of the L1, L2 and L3 subshells respectively, f l2, f13 and f23 are the Coster-Kronig transition probabilities and Nl, N2 and N3 are the relative numbers of primary vacancies in the L shell (Ni = 0.25, N2 = 0.25, N3 = 0.5). It follows that, to a first approximation, the average mass absorption coefficient for the L shell is given by if (03BC/03C1)L1 ~ (03BC/03C1)L03B1 and the La line constitutes the majority of the radiation emitted from subshells other that L3. The fluorescence yields and the Coster-Kronig transition probabilities are taken from tabulations of Bambynek et al. [13] of theoretical values due to McGuire [14] .
The influence of the mass absorption coefficient on the emission of the La and Le lines and the total L shell radiation from a 10 nm titanium layer on a silicon substrate is shown in Figure 1 . The relative intensity of the Le line is enhanced by the virtual absence of absorption in the thin metal layer compared to a bulk standard. Therefore the total L shell k-ratio is higher than that of the La emission alone.
Experimental Details
A thin bilayer consisting of 15 nm of boron nitride on 10 nm of titanium was deposited on a pure silicon substrate by means of a dual target r.f. sputtering technique [15] . The nominal thickness of the layers was confirmed by cross sectional TEM observation [8] .
Energy dispersive X-ray spectra were acquired from the as-deposited specimen at accelerating voltages of 3 and 5 kV by a windowless Si(Li) detector with a take off angle of 35 degrees. The standards employed were pure elements, Si3N4 and MgO. A multiple least squares peak fitting routine was applied to the digitally filtered spectra to separate the NK, and TiL peaks.
The specimen was subsequently oxidized by exposure to the atmosphere at room temperature for approximately 10 ,000 h. Wave dispersive spectra were acquired from the oxidized specimen Calculations were performed iteratively, using the XPP model for the energy dispersive data and the PAP model for the wave dispersive data. The iteration terminated when the sum of the deviations of experimental data from the theoretically predicted curves was minimized. The mass absorption coefficients were obtained from Heinrich's MAC 30 compilation [16] or the table for ultra light elements recommended by Pouchou and Pichoir [3] . An average mass absorption coefficient for the total TiL emission was computed from equation (7).
Analysis of Discrete Layers
Experimental k-ratios for the as-deposited Ti-BN bilayer are compared in Figure 2 with the theoretical intensity variation predicted by optimizing the fit with the cp(pz) model by means of the iterative procedure. The agreement between expérimental data and the theoretical curves calculated with the weighted average TiL absorption coefficient is significantly improved with respect to previous results using the La absorption coefficient [8] Figure 3 . However, almost equally good agreement would be expected under the assumption of a surface oxide layer, because both hypotheses produce an identical variation of the X-ray intensity for elements other than oxygen. The TiL intensity is insensitive to the thickness of this layer, precluding a sensible comparison with experiment. Figure 4 . Negligible differences in the fit were apparent up to a Ti:N ratio of 3:1, which corresponds to the limit of solid solubility for nitrogen in the a-Ti lattice [17] . Even on increasing the Ti:N ratio to 1:1, implying transformation of the layer to stoichiometric titanium nitride, discrepancies in the emitted NK, and TiL intensities would only become evident at accelerating voltages below 2 kV This can be regarded as a limiting case, since the formation of an interfacial TiN layer would be expected to act as a diffusion barrier.
Intermixing may also occur at the titanium-silicon interface, resulting in the formation of an amorphous layer of intermediate composition [18, 19] . Theoretical k-ratios were not however noticeably affected by the insertion of a Ti-Si layer of 3 nm thickness, equal to that measured by cross sectional TEM [8] , into the layer sequence. The only significant effect was a concomitant reduction of the calculated Ti layer thickness to 7.5 nm. If we consider the extreme case of complete intermixing (Fig. 5) , differences in the TiL intensity would become apparent only below 3 kV, irrespective of the Ti:Si ratio. 5.2 OXIDATION PHENOMENA. -To study the variation of composition with depth it is helpful to plot the experimental k-ratios as a function of mass thickness rather than accelerating voltage. This has been done in Figure 6 for the oxygen Ka intensity data from the severely oxidized bilayer. Two different hypotheses were formulated regarding the elemental distribution within the bilayer: i) oxygen confined to the boron nitride layer; ii) oxygen also present in the titanium layer. The second of these hypotheses provides the better fit to the experimental data, especially at low voltages where the X-ray generation depth is restricted.
The composition of the oxidized boron nitride, assuming that oxygen was confined to that layer alone, was estimated as B3N1.2O5.8, which is vastly over stoichiometric. Allowing oxygen to enter the titanium layer and optimizing the fit by trial and error, it was found that the minimum deviation was obtained at a Ti:O ratio of approximately 3:1, corresponding to the a-Ti solid solution [17] . The resulting composition of the boron nitride layer was B2.iNo.902.
This description of the structure of the oxidized bilayer is no doubt oversimplified, since concentration gradients due to interlayer diffusion [20] would also be expected to exist. Unfortunately, the lack of sensitivity of the 0 (pz) technique to these fine scale composition changes prevents their detailed analysis. There is a wide variability in reported values of the mass absorption coefficients for the La lines of the transition elements [21, 22] . At least part of this uncertainty can probably be attributed to the abrupt increase in absorption in the vicinity of the L3 edge. Anomalies in absorption can also occur as a result of modification of the valence band of these elements in alloys [23] . Caution should therefore be exercised in applying relative intensity factors for La radiation determined by wave dispersive measurements on bulk specimens [24] to analysis of thin films by energy dispersive spectroscopy.
In the present calculations it was assumed that the 0(pz) curve for La radiation is valid for the entire L series. This is not strictly correct, because the depth distribution can be expected to be different for each subshell [25] . Substituting ~(03C1z)L03B1 with cp(pz )Lj3 in the iterative procedure had, however, only an insignificant influence on the calculated mass thickness.
The adoption of a weighted average absorption coefficient for the total TiL shell emission eliminates a major source of experimental error: the difference in relative absorption of La and La betwèen the thin layer and a bulk standard. Due to the presence of the NK edge, the mass absorption coefficients for Ti La and LI in nitrogen differ by over a factor of ten [26] . It is therefore necessary, in this case, to consider their contribution to the weighted absorption coefficient Experimental WDS data have been fitted using the PAP model. separately. Reliable theoretical calculations of the relative X-ray emission rates are available for Z &#x3E; 26, though not for all elements [27, 28] . An approximate estimate for the weighted coefficient can be made by assuming that the intensities of LI and La radiation emitted by pure titanium are similar [29] .
Absorption in the small mass thicknesses considered here will be very slight. The emerging X-ray intensities are not therefore greatly influenced by the depth of the radiating atom within the layer, hence the relatively poor ability to detect concentration gradients due to interdiffusion. This is most clearly evidenced by the lack of sensitivity of the TiL k-ratios to the thickness of an overlying boron nitride layer. It should be emphasized that these limitations are imposed by the physics of X-ray generation and absorption rather than the choice of the specific 0(pz) model employed.
Interdiffusion studies in Ti-TiN multilayers by cross sectional PEELS [30] have indicated that the region of intermediate composition is confined to within ±3 nm of the interface. Since this is approximately the same order as the depth resolution for AES sputter profiling [31] , it would presumably be difficult to distinguish interdiffusion of this magnitude from inherent interface broadening effects.
While the presence of a thin surface oxide layer on the as-deposited boron nitride cannot be confirmed unequivocally by the 0(pz) method, its estimated thickness is of similar magnitude to that determined for the oxide layer on a titanium nitride specimen by XPS [32] . This thickness is rather small with respect to the X-ray generation depth even at low accelerating voltages. At ii) Emitted X-ray intensities appear relatively insensitive to the effects of Ti-N and Ti-Si interdiffusion, except at very low accelerating voltages « 3 kV).
iii) The presence of a surface oxide layer on boron nitride is practically indistinguishable from a homogeneous distribution of oxygen at low concentration. Assuming surface oxidation alone, the sensitivity of the ~(03C1z) technique can be estimated at N 0.3 Mg cm-2.
iv) The composition of the oxidized boron nitride layer after 10,000 h exposure to atmosphere represents an admixture of BN and B203 in approximately equal ratio.
